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Abstract 
The objective was to design a device to create an appropriately sized bore in a bamboo shaft 
so that it may accept a seat post for use in a bicycle frame. This device was created to facilitate 
manufacturing of low cost bicycle frames for use in a third world economy. Axiomatic design 
was used to translate design needs into a self-centering vice and linear guide system that can 
accommodate the large tolerances associated with bamboo. 
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1.0 Introduction 
1.1 Objective 
The objective is to design, manufacture, and test a device to bore a hole in a bamboo shaft to 
accept a seat tube and seat post. This will facilitate the manufacture of bamboo bicycle frames. 
1.2 Rationale 
In the rural areas of many third world countries, walking and head loading are the major 
forms of travel and transport (Riverson & Carapetis, 1991). According to a charitable 
organization that donates bicycles to developing nations, “Walking can take up to four hours a 
day, the burden is enough to cripple a family” (www.re-cycle.org, 2010). In that case, having 
access to a bicycle is a major benefit because it is much faster than walking and can carry heavier 
loads, even people (Odlin, 2010).  It is commonly accepted that a country’s development and 
transportation are highly interconnected and each is necessary to improve the other. (Gould, 
Morrill, Taaffe, 1963). Supplying bicycles to these under developed areas can improve the 
transportation capability, medical capability, and communications of the people within its 
community (Kyle, 1996) 
Unfortunately under-developed countries in Africa such as Ghana or Kenya “Have no bicycle 
industry due to lack of resources like steel” (Wilkins, 2009). However, recently, members of the 
bamboo bike studio have developed a method to manufacture bicycle frames from bamboo 
shafts. The tube components of the bicycle frame can be made of bamboo and the joints can be 
connected with composite materials (Odlin, 2010). Certain species of bamboo have a higher 
specific tensile strength and a higher specific stiffness than some steels and aluminum alloys 
(Ghavami, 2004). This allows bamboo bicycle frames to be of comparable quality to steel 
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bicycle frames. Bamboo is also renewable and abundant in regions of eastern and central Africa 
where bicycles would be beneficial (Crawford).  
The ability to use local materials to create bamboo bicycle frames without the need for metal 
processing machinery means bicycles can be created where they are needed at a cost that is 
affordable. If the manufacturing process used to create these [bamboo] bikes can be improved, 
there is a strong possibility that bamboo bikes can become more wide spread and aid more 
people (Odlin, 2010). 
1.3 State of the art 
Frame materials 
Bamboo is a material that is being used more frequently for different concepts and is now 
becoming a base material for the frames of bicycles (Chuang, Hsiu-Hao, 2011).  It is more 
difficult to work with as it is not always perfectly round as it is organic, and is not smooth like 
many alloy metal frames to fasten the connectors to.  Currently, the manufactures of bamboo 
bikes do one of two things (Gapinski, 2011): 
1) Search for perfectly shaped and sized bamboo which consumes a great deal of time and 
effort.  Then they attach the tubes together via metal or carbon fiber parts that the tubes 
slide into and are either glued or bolted into place. 
2) Glue or Wrap it with some sort of compound to adhere the tubes of the frame together. 
Alloy is the most common type of material used to produce the bicycle frames.  It is mass 
produced and used in almost every bicycle as it is economical.  It may contain anything from 
Aluminum, steel, and stainless steel to other metals depending on the purpose for the bicycle.  
The connections are welded together rather than wrapped or tied together as in frames made of 
bamboo and then using carbon fiber methods as a way to connect the frame tubes together. 
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Carbon Fiber is mostly used in higher quality bicycles as the cost to manufacture is much 
higher.  Carbon fiber based bicycles are typically all carbon fiber with the connections being 
included in the carbon fiber wrapping.  This is similar to wrapping the connections with a 
fiberglass epoxy compound which is currently used in creating the frame out of bamboo (Meres, 
2008). 
Methods to adhere frame tubes together 
 Ibo Knot 
o This has been the standard knot used in Asian countries for Centuries.  It usually 
consists of a 1/8
th
 inch thick piece of twine that is tied in a Japanese Ibo knot.  
This knot is a variation of a standard looped square knot and is the standard in 
construction scaffolding found all through China and Japan. The advantage to 
using twine is that if you wet it and tie the knot, as it dries it tightens even more 
by shrinking (Bamboo Twine, 2005).   
 Fiberglass and Epoxy 
o This is the current method for some bamboo bicycle manufacturers and designers 
such as the Columbia University Bamboo Bike Project team.  It is time 
consuming and requires resources that may not be available in other areas of the 
world which limits the usability of the design. 
 Carbon Fiber Wrapping System 
o This method is extremely durable and strong.  It is ultra-light but costs the most.  
It can be shaped into almost anything as it molds to a shape.  Some bamboo 
designs using carbon fiber have connections shaped like a normal joint that the 
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bamboo slides into.  This however over time is not suitable as bamboo tends to 
shrink in size over time regardless of it maintaining its strength. 
Boring device research 
Almost every bamboo bicycle is made by hand with a large amount of craftsmanship and 
requires a great deal of skill to produce a functional bicycle.  Since our project is about the 
modification of a seat tube of a bicycle frame using bamboo as the material, there are no patents 
on a device to bore a hole that is similar to the nature of our project.  The three sections that we 
researched were methods to secure a rod approximately 41 +\- 4mm in diameter, methods to 
have a drill bit extend approximately 254 mm into a piece of material, and the type of drill bit to 
use.   
We considered 2 different methods to secure a rod in place, the first being a v-block system 
that would also self-center the rod along an axis utilizing 2 sets of v-blocks.  Another method we 
considered was a truncated cone where the bamboo would sit on it to center it along an axis.  
This method would still require a set of v-blocks to center the other end of the bamboo so that a 
drill bit could plunge into the rod.  There were no other methods that could accurately center and 
hold a rod in place while loads were applied to the rod.  The choice we selected was the v-block 
system which we will discuss later in detail. 
A method to extend the drill bit into the bamboo shaft was researched and the only method 
we could find that was suitable was to use an extension shaft added onto the drill bit shaft.  The 
method of plunging the bit into the work piece is to use a rotary linear bearing that can withstand 
a rotational and linear motion.  This was the only method we found that could accurately extend 
the 254 mm while still allowing a drilling motion of the drill bit.   
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The final section we researched was the drill bit itself.  The requirements that we required 
were that it drill an accurately sized hole, with minimal deflection, and to create a smooth surface 
that the seat post holder can fit with minimal play.  After reviewing many bits, the one that we 
chose was a forstner bit.  The forstner bit fulfilled every requirement as it is made to create deep 
bores with a high accuracy and smooth finish.  We also considered using an auger bit as it 
allowed for a better way to remove wood chips that are left behind from the drilling operation 
(Drill Bits - the Different Types Explained, 2011).   
1.4 Approach 
We studied existing tube notching systems as well as positioning devices and combined what 
we found to be the better components, to create an overall better system.  Using axiomatic design 
we were able to decompose the system into components and created a new system that is easier 
to use, requires less time, and is safer to use than existing systems. 
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2.0 Design decomposition 
The components of this design were conceived using the principles of axiomatic design (Suh, 
2001) and decomposition. The decomposition develops an organizational hierarchy so the design 
is developed from a single overarching functional requirement into its basic components.  
Functional requirements were developed from customer needs of the bicycle frame 
manufacturers of Bamboo Bike Studio (Odlin, 2010).  Acclaro brand software was used to 
organize the decomposition (Axiomatic Design Solutions Inc. 2009). 
2.1 Customer needs 
The customer requires a device to bore a hole in a bamboo shaft so that it may accept a seat 
post and seat post holder to function as a seat tube in a bicycle frame as shown in Figure 1. A set 
of physical tolerances was developed from customer needs to determine the hole specifications 
as shown in Table 1.  
 
Figure 1: A currently manufactured bamboo bicycle frame depicting the seat tube and seat post 
 
 
 
Seat Tube 
Seat Post 
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Table 1: Tolerances for the geometric characteristics of the desired hole 
Tolerance Type Customer Need/ 
Functional 
Tolerance 
Physical 
Tolerance 
Hole Depth Deep enough to 
accept entire seat post 
254 mm (+3 
mm) 
Hole Diameter Must locate seat tube 
holder with minimal 
play and allow 
adhesive material to 
be applied 
28.59 mm 
(+0.5 mm) 
(Oberg, 
2008) 
Seat post holder and 
hole alignment 
Seat post must be 
fully engaged without 
contacting the inner 
bamboo surface 
Axes aligned 
within .28 
degrees 
Minimum Wall 
thickness 
Wall thickness must 
allow mechanical 
integrity to be 
maintained 
3 mm 
 
 Another consideration for this design is that the surface roughness of the components 
must allow the adhesive to hold.  
In order to achieve the tolerances displayed in Table 1, the device must account for the 
tolerances on bamboo shaft diameter, wall thickness, and roundness as shown in Table 2. 
Table 2: Geometric tolerances for a standard bamboo shaft before boring 
Characteristic of Bamboo Tolerance 
Outer Diameter 41 mm ± 4 mm 
Wall Thickness 9 mm ± 6 mm 
Roundness 1.65 mm average error (Chou, 1992) 
 
The final customer constraint is that the process of creating the bore should have a cycle time of 
two minutes or less.  
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2.2 Decomposition 
The top level functional requirement or FR 0 is to create a system to bore a 254 (+ 3mm) 
deep, 28.59 (+0.8mm) diameter hole in a bamboo shaft. The resulting system is a set of self-
centering v-block vice jaws to fixture the bamboo shaft and a rotary linear bearing to guide the 
cutting tool so that the relative movement of these components creates the desired hole. The 
main branches of this design are a system to position the bamboo shaft, a system to position the 
cutting tool relative to the bamboo shaft, and a system to transfer the loads associated with the 
cutting operation. The design will be examined at each level and the full decomposition can be 
found in Appendix A. 
 
FR 1 Position bamboo 
 
 
Figure 2: Decomposition of the "Position Bamboo Shaft" branch of functional requirements 
 
To create the desired hole within the specified tolerances the bamboo shaft must be fixtured 
to a known position. The cutting tool will then be aligned to the fixed axis of the bamboo shaft. 
The design challenge for positioning the bamboo shaft was to accommodate the wide tolerances 
associated with the material. A system of self-centering v-block vice jaws allowed the bamboo 
shaft to be centered within 1 mm radially of the desired axis. A CAD image of the bamboo 
positioning system is shown in Figure 3. 
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Figure 3: CAD image of the positioning system. Each set of v-blocks slides along the guide rods based on the rotation of 
the threaded rod. 
 
Figure 4: Exploded view of the positioning system 
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For the discussion of this design the coordinate system used will refer to the XY plane as the 
cross section of the bamboo shaft and the Z axis as the axis of the shaft as shown in Figure 5. 
 
Figure 5: The axes displayed above are used to describe the position of the bamboo throughout this section 
 
FR 1.1 & 1.2 Position each end of the bamboo shaft in the XY plane 
The bamboo shaft is positioned by locating a point on either end to a known location. The 
surfaces of the v-blocks ensure the bamboo shaft is located in the Y axis. The simultaneous 
motion of the self-centering jaws ensures the bamboo shaft is located in the X axis. By later 
positioning the cutting tool to the axis generated by these v-blocks the design can meet the 1mm 
tolerance for the hole positioning. 
FR 1.3 Position bamboo shaft along z axis 
The shaft must be positioned along the Z axis to ensure proper hole depth because the drill 
shaft only allows for approximately 300 mm of travel. The front face of the v-block set closest to 
the cutting tool is used as the positioning datum plane. The bamboo should be aligned having the 
cross sectional face of the shaft coincident with the front plane of the v-block, as shown in Figure 
6. A hard stop was considered to position the shaft but was not chosen because the tolerance on 
the hole depth is large and the precision provided by the hard stop was not necessary. 
17 
 
 
Figure 6: Image depicting the appropriate position of the bamboo shaft when loaded. The front face of the bamboo should 
be coincident with the front fact of the v-blocks 
 
 
FR 2 Position the cutting tool 
 
 
Figure 7: Decomposition displaying the "Position Cutting Tool" branch of functional requirements 
The cutting tool must be aligned within the 1 mm tolerance of the axis of the bamboo shaft to 
meet the customer needs. The cutting tool is guided by a rotary linear bearing that allows the 
cutting tool shaft to rotate and plunge simultaneously. To ensure that the cutting tool and bamboo 
axes are aligned a bearing housing was developed. The housing uses a bore with two different 
hole-shaft tolerances to both position the bearing and transfer to loads. Half of the hole depth is a 
transition fit while the other half is an interference fit. This bearing housing is then positioned 
using rectangular support blocks and fasteners shown in Figure 8. 
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Figure 8: Bearing housing and support block system 
Earlier designs used a system where the cutting tool was positioned by using a custom drill 
stand to position the chuck of the drill. This design was rejected for several reasons including 
large size, lack of compatibility with different drills, and lack of ability to control the drill 
trigger.  
 
FR 3 Transfer loads 
 
 
Figure 9: Decomposition displaying the "Transfer Loads" branch of functional requirements 
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For the purpose of this section, load transfer will be described as a series of channels and 
critical surfaces. Loads are transferred through components via internal stresses; these will be 
referred to as channels. Loads are transferred between components at their contact interfaces; 
these will be referred to as critical surfaces.  
At every level of this branch the intent is to develop a more specific description of how the 
forces associated with this cutting operation will be transferred through the device to the base 
plates. The shapes of the components discussed in this section were designed with the purpose of 
positioning; the dimensions of the components were designed to transfer the associated loads. 
FR 3.1 Transfer loads from bamboo shaft to base plates 
When engaged in the drilling operation the device will have to withstand the axial force and 
torque associated with a drilling operation as seen in Table 3. An important aspect of this load 
transfer is that the bamboo must be held in place nondestructively as it is the final product. Also, 
although the device must withstand the drilling loads it must also have the range of motion to 
allow for the removal of the bamboo.  
Table 3: Maximum loads produced by drill 
Loading condition Value 
Axial 311 N 
Torque 3.6 Nm 
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FR 3.1.1 Transfer loads from the bamboo shaft to the v-blocks  
Table 4: Coefficients of friction for component interfaces 
Interface Coefficient of friction 
Bamboo to Aluminum 0.6 
Rubber to Aluminum 2.4 
Bamboo to Rubber 2.6 
  
In order to create a nondestructive fixturing system for the bamboo shaft a series of high 
friction components were used. The clamping force created by the threaded rod creates the 
normal force that allows the bamboo to resist sliding within the v-blocks. Originally the surface 
roughness of clamping faces of the v-blocks would provide the friction necessary to hold the 
bamboo in place. It was determined that the coefficient of friction between the aluminum v-
blocks and the bamboo was low and thus required a clamping force that would damage the 
bamboo. The rubber interface was added to increase the frictional force; the coefficients of 
friction are displayed in Table 4. 
FR 3.1.2 Transfer loads between the v-blocks 
To create the clamping force a load must be transferred between the two v-block vice jaws. 
This load is created by the turning the turnbuckle threaded rod so that both vice jaws move 
inward simultaneously. The tension in the rod required to create the necessary normal force to 
clamp the bamboo shaft is 111 N. FEA testing was performed to determine a suitable diameter 
for the threaded rod and the results are shown in Figure 10 and will be discussed further in the 
next section. 
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Figure 10: FEA results for the threaded rod in tension under a load of 219 N 
 
FR 3.1.3 Transfer loads from v-blocks to carriage 
The loads created from the drilling operation must be transferred through the device to a 
common stationary object, in this case the carriage which is fastened to the stationary base 
plates. The channel for load transfer from a v-block to the carriage is shown in Figure 11. 
 
Due to the length necessary to allow for the sliding of the v-blocks, the guide rods are the 
critical component of this load transfer channel and will exhibit the highest stress. Originally the 
rods were to be made of brass due to a low coefficient of friction between aluminum and brass. 
The brass proved to be too flexible to be machined into the proper geometry or to be used as a 
load bearing component. The brass was replaced by 302 annealed stainless steel precision ground 
rods. The rods required less machining to create the desired geometry and had Young’s Modulus 
60 GPa greater than that of the selected bronze. FEA was performed on a single v-block 
assembly to test for stress and displacement magnitudes. The results are shown in Figures 12 and 
13 and will be discussed further in the next section. 
Figure 11: Channel of load transfer from a v-block to the carriage 
V-Block  Guide Rods Rod Support Block Fasteners Carriage 
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Figure 12: FEA results for displacement for simulated drill loads described in Table 3 
 
Figure 13: FEA results for stress magnitude for simulated drill loads described in Table 3 
 
FR 3.2 Transfer loads from cutting tool to base plates 
To create the bore to the specification of the customer a support system must be used to 
guide the cutting tool for the length of its cut. The device uses a linear rotary bearing that is press 
fit into a housing that can be fixtured into the appropriate location. The friction from the press fit 
allows the bearing to resist rotating within the housing and the cover plates in Figure 14 allow 
the bearing to resist sliding in the direction of the drilling. The housing is then fixtured to the 
base plates using a series of fasteners and support blocks to transfer the loads.  
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Figure 14: Bearing housing exploded view depicting cover plates 
Prior iterations of the bearing support system used two separate bearings to support and 
locate the shaft. One of the bearings would be mounted to a sliding track so that it may support 
the shaft for the entire exposed length throughout the drilling operation as shown in Figure 15. 
This iteration was replaced by the rotary linear bearing based on the minimum information 
axiom. 
 
Figure 15: Original design for the two bearing sliding track support system 
FR 3.3 Transfer loads From drill to bamboo shaft 
FR 3.1 and FR 3.2 allow for loads to be transferred from the main systems of the design to 
the stationary base plates.  Loads must also be transferred between the bamboo and the drill in 
order to have the cutting operation. The drilling operation consists of transferring an axial load 
and a torque. The axial load is created by the operator pushing the drill into the bamboo shaft. 
The torque is created by the electric drill. Both loads are transferred through the cutting tool shaft 
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to the cutting surface where the operation is performed. The rotary linear bearing guides this 
motion. 
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3.0 Physical integration and finite element analysis 
This section will demonstrate how the functional requirements were translated into design 
parameters and where they function on the physical device. This section will also discuss the 
Finite Element Analysis (FEA) used to determine the size of the components before machining. 
Figures 16 and 17 show the full model of the device.  Appendix A shows the full decomposition 
and physical integration diagram for the hole boring device.   
 
Figure 16: CAD model of the hole boring device 
26 
 
 
Figure 17: Exploded view of hole boring device 
Bamboo positioning system 
In order to position the bamboo a set of self-centering v-block vice jaws were used. This 
system corresponds to FR 1 and all of its children. The system is composed of a turnbuckle style 
threaded rod which, when rotated, allows the v-blocks to move towards and away from center on 
a set of guide rods. Utilizing two v-block sub-assemblies two points along the axis of the 
bamboo shaft can be fixtured to locate an axis. 
Turnbuckle style threaded rod 
The turnbuckle style threaded rod (DP 1.4) has one side that is threaded in a right handed 
fashion and one side that is threaded in a left handed fashion. It is this opposing threading system 
that allows the v-blocks to move equal distances simultaneously. This motion is critical to the 
design as it is self-centering and allows the Bamboo shaft to be located in the same position 
every time. Figure 18 shows the component and Figure 19 demonstrates the self-centering 
motion that is achieved by rotating the threaded rod.  
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Figure 18: Threaded Rod 
 
 
Figure 19: Self-centering v-block operation 
FR 1.4 
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While the shape of the threaded rod allows for the self-centering motion of the v-blocks, the 
body of the component is what allows load transfer and thus the dimensions were determined 
using FEA (DP 3.1.2). Figure 20 and Table 5 show the loading conditions and element 
specifications used to determine the component dimensions. The loading conditions were 
determined through free body diagrams and friction calculations which are included in Appendix 
B. The material used is 302 annealed stainless steel precision ground rod as it possessed the more 
than sufficient strength and required minimal machining. 
 
Figure 20: FEA results for threaded rod (Von Mises Stress) 
 
 
Table 5: Threaded rod FEA specifications and results 
Mesh Type Solid Mesh 
Element Size 1.4 mm 
Number of elements 35844 
Number of nodes 22619 
Min Stress 0.97 MPa 
Max Stress 8.35 MPa 
Yield Strength 137.90 MPa 
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It was found that the threaded rod could withstand the tension required to create the 
necessary clamping for in the v-blocks. The factor of safety for this component with respect to 
yield stress is 32. 
Guide rods 
The guide rods pictured in Figure 21 serve two purposes. The surface of the guide rods 
provide a positioning mechanism for the sliding motion of the v-blocks, the body of each guide 
rod provides a mechanism for transferring loads. The guide rods are the main load bearing 
component for the bamboo shaft positioning system. They connect to the carriage through and 
press fit into the rod support blocks. The loading conditions were determined by using a force 
plate to calculate the axial load and drill performance specifications to determine the torque.  
 
 
Figure 21: Guide rods attached to rod supports and carriage plate 
Guide Rods 
FR 3.1.3 
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The FEA performed on the v-block subassembly in Figure 22 shows that the 8 mm diameter 
of the rods is sufficient to withstand the applied loads. The guide rods exhibit a factor of safety 
of 2.17 with respect to yield stress. Deflection of the v-blocks was also determined through FEA 
and is shown in Figure 23. The maximum deflection occurs at the top of the v-blocks and has a 
value of 0.2 mm which is negligible. 
Table 6: Summary of drilling operation loading conditions 
Loading Conditions Value 
Axial 311N 
Torque 3.6Nm 
 
 
 
 
Figure 22: V-block subassembly FEA results (Von Mises Stress) 
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Figure 23: V-block subassembly FEA results (Magnitude of Displacement) 
V-blocks 
The v-blocks and the motion created by the rotation of the threaded rod allow the bamboo 
shaft to be positioned to a known axis. The motion of the v-blocks is facilitated by plastic 
bearings on the guide rods. Normally a single V block could position a cylindrical shaped object 
to a desired axis. That alignment is only capable of being replicated when the cylindrical object 
has the same diameter every time. The design challenge for this project was to develop a v-block 
system that can position shafts of different diameters to the same location every time. This is 
done through the use of the self-centering motion. As explained in the discussion of FR 1.1 the 
Surfaces of the V’s position the bamboo shaft in the Y axis and the self-centering motion 
positioned the bamboo shaft in the X axis.  
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Figure 24: V-block subassembly detailing the positioning surfaces of the v-block 
 
Due to the size of the v-blocks no individual FEA testing was done because it was assumed 
that the loads would not be significant with respect to the stiffness and strength of the material. 
The v-blocks were machined from 6061 aluminum. The reason they are left as oversized 
components is that it reduced machining time and overall weight of the device was not a major 
concern for the customer. 
Cutting tool positioning system  
The system for positioning and guiding the cutting tool consists of a series of support blocks 
that position a rotary linear bearing to be aligned with the axis of the bamboo shaft. The support 
blocks, support carriage, and housing position the bearing in Y, Z, and X respectively. A drill 
shaft is then inserted into the bearing and attached to an electric drill which is operated by the 
user. The rotary linear bearing allows the drill shaft to rotate as well as move linearly so the 
drilling operation can be performed. No FEA was performed on the bearing or bearing housing 
FR 1.1 
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as most of the loads are transferred between the cutting surface and the user via the drill shaft. 
The drill shaft was purchased and is capable of transferring the loads associated with cutting 
wood.  
 
Figure 25: Exploded view of bearing housing with functional designations 
 
 
Figure 26: Cutting tool positioning system with functional designations 
 
FR 3.2.1 
FR 3.3.1 
FR 2.2 
FR 3.3.2 
FR 2.3 
FR 2.1 
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4.0 Production of the prototype 
Design 
Once we decided on a design using the Axiomatic Design Process, we created a model in 
SolidWorks.  In order to machine the parts, we had to load each part into Esprit and create the 
proper tool paths so that the CNC (Computer Numerical Controlled) machines could machine the 
parts.  Everything we machined was aluminum with the exception for the 4 guide rods and 2 
threaded rods which were made with stainless steel which has a lower friction coefficient when 
in contact with aluminum, along with higher yield strength when compared to aluminum.  
Aluminum is easily available and easier to machine compared to steel which is the purpose for 
its use in most of the prototype parts.  Aluminum also fulfills all our basic requirements such as 
strength, durability, and anticorrosion for every part.  The types of machines used to create the 
prototype parts were a 3-axis Haas Mini VMC and a 2-axis Haas SL10 lathe.   
CAM (Computer Aided Manufacturing) 
After creating the Esprit files and the lines of G-code for the CNC machines, we double 
checked the programs with the lab monitors.  We then acquired the necessary tools to machine 
the parts.  For the milling operations, we used different sized drills for the numerous holes, 
different sized face mills for facing operations, ball end mills to create rounded edges and 
remove stress concentrators, and a spot drill to create indentations for the drilling operations.  
Lathe operations required only one tool as the only operation we used was a contouring 
operation to remove material to reach a specific diameter what was smaller than the outer 
diameter.  Every part machined was held using the vice fixtures that were provided by the 
machine shop or the lathe vice chuck.  The only additional fixture we added were metal spacers 
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of different heights depending on the part being machined to raise the parts above the top of the 
vice to prevent a collision between the tool, part, and fixture.   
 
Figure 27: Part in vice with spacers after probing 
Machining  
Once the parts were secured, probing of the part’s location and the tools’ lengths was done.  
The CNC machines make this easy by simply using an auto code generator in the machine that 
creates the necessary code for probing the part and tools.  Once the probing was all done, a final 
visual check of the program was performed and then the program was run to machine the parts.  
While machining the parts, we followed all machining protocol set forth by the WPI machine 
shop and Haas.   
Secondary finishing operations were necessary once the parts were machined.  Deburring 
of edges and tapping of holes was done to finish the parts along with sanding of edges to allow 
for parts to properly fit due to part deflections during lathe operations caused by the small 
diameter of the rods.  The deburring was done using a manual debur tool which was available in 
the machine shop.  The tapping was done using a tapping station which helped create near 
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perfect threads of different sizes to allow for screws and more importantly, the turnbuckle rod as 
seen in Figure 28.  The actual threading of the threaded rod was challenging as it required a left-
handed thread along with a right-handed thread on the opposite side.   
 
Figure 28: Threading of the rod 
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5.0 Testing and analysis 
Testing was performed to verify that the hole-boring device met its functional requirements.  
The device was tested for its ability to bore a hole and the tolerances held when boring the holes.  
Individual components were also tested to measure their tolerances in respect to the desired 
machined tolerances. 
5.1 Functional requirement testing 
Once the device was assembled, it was tested for functionality.  The majority of the 
components functioned correctly.  The bearing and drill bit were the only components that did 
not pass the functionality testing.  Table 7 below shows the results of the testing. 
 
Table 7: Results of functional requirement testing 
Component Result Comments Picture 
Guide rods Passed   
Threaded rods Passed   
V-blocks Passed   
Rubber Passed   
Turnbuckle rods Passed   
Bearing housing Passed   
Drill bit 
extension 
Passed   
Brass bushings Passed   
Plastic bushings Passed   
Rod supports Passed   
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Bearing Failed Not as tight fit as 
expected.  Extension 
wobbles and gets 
scored as a result. 
 
Drill bit Failed Sidewalls create too 
much friction and 
make it too difficult 
to drill past 3-
4inches in depth. 
 
 
The bearing was not as a tight a fit on the drill bit extension as expected and this caused the 
extension to wobble.  In return this caused scoring on the extension and made it difficult to slide 
the bit axially.  The figure in Table 7 shows the drill bit extension after being used in the bearing.  
Scoring is visible (right half) and exaggerated the wobbling the more it was used.  The forstner 
bit also did not work as expected.  The tall sidewalls of the bit created too much friction and not 
enough driving force into the bamboo.  This made it too difficult for a typical operator to push 
the bit though the bamboo and also created excess heat resulting in minor burning of the 
bamboo.  After looking at the possible drill bits a second time, the Auger bit was found to be 
better choice.  The tolerance on its bore is tight but not as tight as the forstner bit.  This was 
found to be optimal as it scored the inside of the bamboo creating a surface onto which an epoxy 
could adhere to when the seat sleeve was inserted.  It can drill a deep bore, and its spiral shape 
pulls the bit into the material reducing the amount of force needed by the operator.  The forstner 
and auger bit can be seen below for comparison in Figure 29. 
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Figure 29: Forstner (top) vs. Auger (bottom) bit 
 
5.2 Testing tolerance of bored bamboo 
Testing was done to test the tolerance of the bores created by the device.  Due to the 
irregularity of bamboo testing was done on circular wooden dowels.  By using the wooden 
dowels, standardized measurements could be made.  The first test was the concentricity of the 
bore.  This was done to ensure that any piece put into the device would be centered correctly 
about the drill bit to avoid too thin of a wall thickness.  The second test was the diameter of the 
bore.  This was done to ensure that there was minimal play of the seat post sleeve when inserted 
into the bamboo.  Too much play would result in the two being misaligned and would stop the 
seat post from being able to travel the full 254mm.  The results of these tests can be seen below 
in Table 8.  A full set of measured values and calculations can be found in Appendix C. 
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Table 8: Results of bore tolerance testing 
Tolerance Type Customer Need/Functional 
Tolerance 
Physical 
Tolerance 
Measured 
Average 
Within 
Tolerance 
Concentricity 
of Bore 
Must center bore to maintain 
sufficient wall thickness 
1.000mm 0.509mm 87.500 % 
Hole Diameter Must locate seat tube holder 
with minimal play 
28.590 mm 
(+0.500 mm) 
28.934mm 90.625 % 
 
5.3 Testing tolerance of CNC machined components 
Testing was also done to measure the tolerance on the CNC machined components.  The 
components tested here were the rod support (guide bar holes), rod support (oil impregnated 
bearing holes), v-block guide rod holes and bearing housing.  Below, in Table 9 are the tolerance 
types and measured values.  Measured values can be found in Appendix D. 
 
Table 9: Tolerance testing for CNC components 
Component Rod support 
(Guide bar) 
Rod support 
(Oil 
impregnated 
bearing) 
V-block 
(Guide rod) 
Bearing 
Housing 
Bearing 
Housing 
Tolerance type Press fit Transition fit Press fit Sliding fit Press fit 
Nominal size 
(inches) 
0.2500 0.3750 0.3937 1.1024 1.1024 
Measured hole 
size 
(inches) 
0.2478 0.3760 0.3963 1.1019 1.1004 
Measured shaft 
size 
(inches) 
0.2471 0.3758 0.3937 1.1000 1.1000 
Within 
Tolerance? 
No Yes(Class LT5) No No No 
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Out of all the tolerances the only one that fell within tolerance was the oil impregnated 
bearing.  Even this was a tighter fit than had been originally desired.  Looking at the sizes though 
the majority did not fall into tolerance because the hole size was actually smaller than the 
nominal size.  Overall the tolerances here did not end up affecting our design as the shaft sizes 
were out of tolerance roughly by the same amount that the hole sizes were, making them easy to 
assemble.  The rod support holes (for the guide rod) make sense when looking at this chart as 
they had to be ground down a little to get them to fit without forcing them in.  The v-block guide 
rod also makes sense as a few of the plastic bushings were a little loose and could rotate in the 
support.  Neither of these were critical tolerances, as they were load bearing and not used for 
positioning.  Although the bearing housing was off in tolerance, it was intended to be a press fit 
and ended up fitting together snug and kept the bearing in place. 
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6.0 Iterations 
Although the device produced in this project is capable of achieving many of the customer 
needs there are improvements to be made. The main concerns for the current device are 
longevity, accuracy, and ease of use. To improve on these aspects would produce a more useful 
hole boring device. 
The current design has two mechanisms that that are likely to cause the device to have a 
shorter operational time. The first is the effect of the rotary linear bearing on the drill shaft. The 
fit of the drill shaft into the bearing is not tolerance appropriately. There is an approximately .08 
mm difference in the in the diameters of the hole-shaft relation. When the drill is plunged into 
the bamboo shaft it causes the shaft to rotate eccentrically within the bearing. This eccentric 
motion causes ridges to develop on the shaft as the hardened steel used for the bearings wears on 
the softer drill shaft. After several uses the ridges become very noticeable and negatively affect 
the performance of the device further. This issue could be solved by attaining a properly 
toleranced shaft and bearing or possibly adding a secondary bearing to ensure the concentric 
rotation of the shaft within the bearing. 
The second mechanism that may cause shorter operational time is the stainless steel threaded 
rod. Originally the threaded rod was to be made of brass as it has a low coefficient of friction at 
an aluminum interface. Due to difficulties machining brass, time constraints, and availability of 
material the brass was substituted with stainless steel. The coefficient of friction between 
stainless steel and aluminum is approximately .65 which is not ideal for a thread that will 
experience a lot of use. This problem can be solved by ensuring that the threaded rod to v-block 
interface is well lubricated throughout its lifetime. 
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Another proposal for the current device that can be addressed in future iterations is adding a 
small level of adjustability to improve accuracy. Currently the X direction accuracy is limited to 
the pitch of the threaded rod. Once assembled and adjusted the v-block subassembly has a 
tolerance range of 0 ± .8 mm based on the pitch and where the threads were created with respect 
to each end of the rod.  A simple solution would be to use slots rather than clearance holes in the 
carriage plate so that it has a small amount of adjustability in the X direction as shown in Figures 
30 and 31. With this, the alignment of the v-blocks center with respect to the bearing can be 
calibrated when the device is assembled. 
Lastly, it is clear after several uses that the device could be made easier to use. The main 
concern is distance the v-blocks need to move to allow bamboo shafts to be loaded from the top. 
The current design functions properly however the vice style turning pins are a slow mechanism 
to operate.  
There are several solutions to this issue. One is to reduce the amount of travel of the v-blocks 
so the threaded rod does not need to be rotated as many times. By loading the bamboo from the 
end rather than the top there is a significant decrease in loading and unloading time. However, 
this is not ideal as the end at which the device is operated is opposite the end at which it is loaded 
Figure 30: Current carriage plate with 
clearance holes 
Figure 31: New carriage plate 
redesigned with slots for adjustment 
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and the operator would have to walk back and forth to load and cut the bamboo. Another solution 
would be to replace the vice style turning pins with an insert for a hand tool or possibly power 
tool that could rotate the threaded rod faster.   
The final option is to replace the threaded rod positioning system entirely. Other options such 
as a cable tensioning system could have the same self-centering motion with a faster method of 
creating the clamping force to fixture the bamboo shaft. More research would be needed on the 
subject to assess its feasibility. 
Overall, the prototype created in this project demonstrates that the v-block positioning 
system and cutting tool guide system developed through axiomatic design will work. 
Optimization of several mechanisms within the current design would improve accuracy and 
durability of the hole boring device. 
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7.0 Conclusion 
The hole boring device does not fulfill all of its functional requirements.  Changing the drill 
bit and loosely toleranced extension and bearing would make the device fulfill the requirements 
of making the original boring process more efficient, accurate and safe.  In addition changes to 
material choice and lubrication on the threaded rod could further improve the design allowing for 
an even faster cycle time.  With a change in the tightening mechanism (hand vs. power) cycle 
time could be decreased again.  Also, to allow for improved concentricity of the v-block 
positioning system in relation to the drill guiding system, elongated holes can be inserted on the 
carriage plates. 
Although there is much work to be done to increase other aspects of manufacturing bamboo 
bicycles, such as joint design, the hole boring device shows promise as being a critical step in 
bettering the manufacturing process.  Future research in these areas could increase the efficiency 
of the entire process and therefore lower cost of manufacturing bamboo bicycles.  Overall the 
work done thus far on the hole boring device has been successful, although there is still room for 
much improvement. 
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Appendices 
Appendix A – Full design decomposition 
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Appendix B – Friction calculation 
 
 
 
 
The rubber to aluminum interface has the lower coefficient of friction; therefore a value of 2.4 
will be used for coefficient of static friction in these calculations. 
Free Body Diagram 
Assume the mass of the bamboo shaft is negligible 
 
                           
                  
                    
                
                                           
                            
 
Interface Coefficient of friction 
Rubber to Aluminum 2.4 
Bamboo to Rubber 2.6 
FT 
Fc 
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F
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Torque Load 3.61 Nm 
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Appendix C – Bore test values and calculations 
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Appendix D – CNC part testing measurements 
 
  
Component Expected Tolerance Measured Values
Guide Bar and Rod Support Press fit Shank diameter Hole diameter
0.248 0.247
Nominal Size: 0.2500 0.246 0.246
0.246 0.247
0.247 0.249
0.248 0.248
0.248 0.248
0.246 0.249
0.248 0.248
Average 0.2471 0.2478
Oil Impregnated bearing Transition Fit Bearing OD Hole diameter
0.378 0.377
Nominal Size: 0.3750 0.377 0.375
0.374 0.374
0.374 0.378
Average 0.3758 0.3760
V-Block Guide Rod Holes Press fit Hole diameter Bushing OD
0.396
Nominal Size: 0.3937 0.396
0.395
0.393
0.398
0.397
0.396
0.396
. 0.397
0.398
0.396
0.396
0.397
0.397
0.396
0.396
Average 0.39625 0.3937
Bearing and Housing Sliding then press fit Bearing OD Housing (Slide Fit) Housing (Press Fit)
1.1 1.101 1.1005
Nominal Size: 1.1024 1.1 1.103 1.1
1.1 1.1015 1.101
1.1 1.102 1.1
Average 1.1 1.101875 1.100375
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Appendix E – Assembly 
In order to assemble the Prototype, a guide has been created to describe and show each step 
with a description of the step and a picture.  The total parts list is in Appendix F.   
The first step is to assemble the v-block assembly.  This is done by securing the threaded rod 
in place and screwing each v-block onto the rod by turning them in the correct directions with 
respect to the thread direction as there is one side with a left-handed M8x1.25 thread and the 
other with a right-handed thread of the same size to create the self-centering motion of the v-
blocks as shown in Figure 32. 
 
Figure 32: Turning of v-blocks on threaded rod 
The end result should look like Figure 33. 
 
Figure 33: Final position of v-blocks on threaded rod 
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In Figure 33 you will see the dark red plastic bushings in the outer holes where the guide rods 
will next be placed into.  These bushings are important to allow for the guide rods to properly 
align themselves in the v-block assembly.  
Next the guide rods must be put into place as seen in Figure 34. 
 
Figure 34: Insert guide rods into v-blocks 
The impregnated bronze bushing must now be placed into the center holes of each rod 
support base.   
 
Figure 35: Insert oil impregnated bronze bushing into rod support base 
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Fit each rod support base onto each side of the v-block and rods sub-assembly. 
 
Figure 36: Slide rod support blocks onto support rods 
 
Attach the carriage plate to the sub-assembly by using the M4x.7 screws and screw the plate 
into the bottom of the rod support bases. 
 
Figure 37: Screw rod support blocks to carriage plate 
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To finish the v-block assembly, screw the handle base onto the end of the threaded rod that 
extends past the rod support base.  This is done by using a 3/32 Allen wrench.   
 
Figure 38: Screw handle base to threaded rod 
Repeat this procedure once more to assemble the second v-block assembly.  These are then 
screwed into the base plates with the rotating linear bearing already attached as shown.  There 
are 8 holes in each carriage plate that align with the respective holes on the base plates.   
 
Figure 39: Screw carriage plate to base plates 
  
Now the final sub-assembly of the bearing support system must be assembled and attached to the 
base plates.  This is started by first press fitting the rotary linear bearing into the bearing housing. 
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Figure 40: Press fitting rotary linear bearing into bearing housing 
Assembly of the cover plates to the bearing housing is now required to secure the bearing in the 
bearing housing. 
 
Figure 41: Securing cover plates to bearing housing 
Now the bearing housing must be secured to the bearing support plate as shown in Figure 42. 
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Figure 42: Securing bearing support plate to bearing housing 
The bearing support blocks are then attached to the bearing support plate to create the bearing 
support sub-assembly. 
 
Figure 43: Securing bearing support plate to bearing support blocks 
To finish the assembly of the hole boring device, the bearing support sub-assembly must be 
secured to the base plates.  This is shown in Figure 44. 
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Figure 44: Securing bearing support blocks to base plates 
This completes the assembly for our prototype. 
 
Figure 45: Bearing housing attached to base plates 
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Appendix F – Parts list 
 
Parts List 
Name Description Quantity 
M4x.7 Socket head screws 
12mm length 
Screws to attach rubber to v-blocks 32 
M4x.7 Countersink screws 
12mm length 
Screws to secure aluminum parts  together 48 
M4 washers Spacer between socket head screws and rubber 32 
V-blocks (left-hand thread) Centering system for bamboo piece (side 1) 2 
V-blocks (right-hand thread) Centering system for bamboo piece (side 2) 2 
Oil impregnated bronze 
bushing 
Bushing to reduce friction between threaded rod 
and rod support base 
4 
8mm precision round guide 
rods 
Support rods for v-blocks 4 
Threaded rod  Mechanism for self-centering motion 2 
Handle base Used to attach a handle to the threaded rod using a 
set screw to fasten 
2 
Plastic bushings 8mm Plastic bushings for guide rods 16 
Rubber  Used to increase friction between bamboo and 
aluminum surfaces 
8 
Base plate Plate that carriage plates and bearing housing 
attaches to 
2 
M8 bolts and matching nuts Used to secure prototype to a bench surface 6 
 
